Binding Isotherms (20°C) of ethldlum bromide to a number of tRNA species at various ionic strengths indicate that I) the number n| of Intercalation sites Is high 7 to 11 per molecule, In the low salt form III, but small, 2 to 1, at high Mg 2+ or Na + when form I predominates. II) modification of tRNA at strategic positions for 3D folding prevents full expression of intercalation restriction III) maximal restriction Is obtained at salt concentrations higher than needed for full conversion to form I. It Is Inferred that restriction, which Is not observed with blhelical RNA (or DNA), requires the native tRNA 3D structure but also some physical coupling between the region of 3D folding and blhelical arms.
INTRODUCTION
Cellular RNAs that play a central role In the expression of cellular genetic information as well as most viral or viroTd RNAs are single-stranded molecules. Our knowledge of the conformation of these RNAs when free in solution or when embedded In ribonucleic particles Is still limited with the exception of the few tRNA species analysed at atomic resolution by X-ray cristallography (1). Evidence for the presence of secondary structure (double-stranded perfect or imperfect mini-helices connected by loops) was obtained some years ago for ribosomai RNAs, eucaryotic messengers and viral RNAs (see ref.
In 2). Given an RNA primary sequence it Is now relatively easy to obtain the corresponding more stable secondary structures. In general several models can be proposed and phybgenetic data when available provide a decisive clue to select the more relevant 2D structure (and variants) as illustrated In the case of rRNAs (3) . Also RNA-RNA crossllnklng experiments have demonstrated the tertiary folding of rRNAs inside the rlbosome (4) . On the other hand direct physico-chemical evidence for a 3D structure of messenger or viral RNAs is still lacking. This situation constrasts with the recent discovery of rlbozymes i.e. RNA molecules exhibiting catalytic activity. Hence the RNA component of RNase P is able to catalyse the specific hydrolysis of tRNA precursors (5) . Autoexcision of the IVs intron of Tetrahymena RNA occurs in the absence of any energy source (6) . It seems obvious that some kind of tertiary structure is implied in these ribozymes activities.
Our purpose here was therefore to develop a simple and sensitive assay allowing the detection of single-stranded RNA tertiary structure. We have previously reported the use of the dye ethidium bromide, EB, which becomes highly fluorescent when intercalated into the double-stranded regions of nucleic acids (7) to detect RNA secondary structure (8) . The new developments presented here are essentially based on the observation that native tRNAs have much less Intercalation sites, nj = 1 to 2, than expected on the basis of their secondary structure and of the known intercalation properties of the dye into double-stranded polynucleotldes (9) (10) . In the first part of the present work we have examined the relationship between n| and the tRNA 3D structure followed by means of spectroscopic and photochemical probes. This led us to establish that the presence of the native 3D structure is a prerequisite to intercalation restriction. We have then applied this fluorimetric procedure to a variety of polynucleotldes
Including ribosomal and viral RNAs as well as messenger RNA and random copoiynucleotides.
These single-stranded RNAs were found to exhibit Intercalation restriction in contrast to bihelical RNA.
MATERIAL AND METHODS.
a) Ethidium bromide.
3,8-diamino-5-ethyl-6-phenylphenanthrldlnium bromide (Sigma) was dissolved In bidistilled water and insoluble particles removed by low speed centrifugation. Stock solutions (10mM) were kept at 4°C in the dark. Before each experiment the visible absorption spectra was recorded. An intact sample has an absorption ratio at 480nm to 380nm of 10. Concentration was determined taking E430 -5 600 M' 1 .cm" 1 (9 
RESULTS AND DISCUSSION
Dyes such as acriflavine (17), proflavlne (18) or ethidium bromide (9, 10) Intercalate In tRNA with high affinity, (Kp in the mlcromolar range), but can also bind by electrostatic Interactions to the negatively charged phosphate groups. Large variations in the evaluation of n| the number of intercalation sites have been found, from 1 to 10 per tRNA molecule, depending on the drug and the tRNA species under examination and on the conditions used. In two of these studies (9, 17) it was clearly established that folding the tRNA chain in a rigid 3D structure appreciably restricts intercalation. tRNA can be found under four phases or forms (19) and our first aim was therefore to examine their relationship with nj. Of peculiar
Interest here are forms I and III that can be obtained at room temperature. Form I predominates at high Ionic strenght and corresponds closely to the native L-shaped tRNA structure (20) . Form Ill is found in the absence of divalent cations under low monovalent salt conditions (19) . This form has lost the native 3D folding but kept extensive secondary structure and we have recently shown that form III tRNA" he is a complex mixture of conformers (21) . Fig 1) than in 1M NaCI, ni _ 1.4 (Fig   2) or 10 mM Mg^+ n| _ 1.5. The same conclusion applies to a number of tRNA species (Table   1 ). In the analysis above V is assumed to be constant whatever the extent of binding. This is obviously not the case In low salt. As the total dye concentration increases (Fig 1) r reaches a maximal value close to 5 and then decreases. This phenomenon! is due to energy transfer from Intercalated EB to outside electrostatically weakly fluorescent bound dyes resulting in fluorescence quenching (7) .
To evaluate the variations of V the EB fluorescence decay curves were determined with bulk tRNA using a single photon counting apparatus. Conditions were those of the titratlon experiments. In high salt I.e. 1M Na + or 10 mM Mg 2+ a blexponentlal decay is obtained with tj -1.6 nsec accounting for free EB. The lifetime tj corresponding to intercalated EB remains stable at 25 ± 0.5 nsec until r reaches 0.5 and then decreases smoothly tj = 24 ± 0.5 nsec when r approaches 1. This variation reflects heterogeneity of Intercalation sites and possibly some quenching. Since all bound dyes have very similar absorption characteristics (7), the V/ T ratio should to a first approximation remain constant leading to the conclusion that the equilibrium titration procedure underestimates n| by at most 15%. In 0.1 mM Na shown by a similar investigation of EB binding to rRNA.
In conclusion low and high salt tRNAs exhibit widely different number of intercalation sites. Low salt tRNA' 3 " 6 is known to be a mixture of conformers (21) link formed (Fig 2 and 3) . The number of Intercalation sites as a function of the Na + concentration was determined by the fluorimetric titration procedure (Fig 1 and 2) . Taking into account quenching effects increase the amplitude of intercalation restriction but leave unaffected the shape of the curve.
Hence the variation of ri| accompanies the conformatlonal transition with however a larger breath and higher mtd-transltlon Na + concentration for both bulk tRNA (Fig 2b and 2c ) and tRNAi^a l . Particularly striking is the fact that full conversion to form I is achieved at 0.2 M Na + although maximal intercalation restriction occurs when the Na + concentration approaches
1M.
c) Ma 2+ induced form III to form I transition.
Experiments were conducted as described above for Na + renaturation and extended to a number of different tRNA species. For bulk tRNA the variations of A34Q, P510 and F 4 gQ are closely related when performed on tRNA samples at the same concentration (Fig. 3) . Amplitude of the P 510 stimulation in bulk tRNA as well as tRNA 1 Val and tRNA Pne (not shown) Is larger than obtained with Na + . The rate of 8-13 link formation Increases again two times upon tRNA renaturation as shown previously with Na + and quenching again occurs at high CI"
concentrations. In the low monovalent salt conditions used, the total concentration of Mg 2+ at the mid-transition, Mg-p^+, becomes highly tRNA concentration dependant (Fig 3 & 4) . For increases the binding constant of the strong site by a factor of 2 to 3 (A. F. unpublished results).
Except for NMR studies the data above are also consistent with a close but distinct localisation found after diffusion of EB In tRNA crystals. In both yeast tRNA phe (28) and yeast tRNA As P crystals (E. Westhof private communication), the dye Is found bound inside the corner of the L shaped structure. One possibility is that constraints in crystalline tRNA prevent intercalation at the end of the CCA stem but allows EB to fix at a closely related "preintercalation site".
Determination of the fluorescence yield of the dye in the cristal will help to solve this question.
Taking into account the tRNA concentration, CRNA -70u.M, used in dye titration experiments makes it clear that Intercalation restriction again accompanies the form III to form I transition ( fig. 4) . Full restriction occurs at Mg^+ concentrations much higher than needed for conversion to form I. This is certainly due in part to the fact that EB which has more binding sites in form III will preferentially stabilize it and accordingly displace the transition to higher Mg 2+ concentration. Alternatively the possibility exists that at the lowest salt concentration allowing form I to predominate, intercalation is still allowed in bihelical regions and particularly those (CCA and antlcodon arms) not involved in tertiary interactions. Increasing the Mg2 + concentratlon is well known to Increase the coupling between the different tRNA regions as judged for example by the cooperative character of thermal melting in high salt (9, 19 ). The bihellcal arms are then fixed on the double helix A form found In crystals (1) and their limited Internal mobility will prevent Intercalation. In agreement with this view Is the fact that a single base bulge in small hairpin helices is able to induce structural effects at distance (29) . The Mg2+ cation which exhibits strong and weak binding sites to tRNA (30) could also prevent intercalation by competitive binding. It should be noticed however that the same limiting values of nj are found In high monovalent salt (Fig 2) . In summary our data show that the native 3D
folding of tRNA, when tight, Induces intercalation restriction. They do not exclude the possibility that "wrong" folding could behave as well.
d\ Intercalation In NaBH^ reduced tRNAs.
Preliminary observations have shown that extensive reduction of bulk tRNA (3 hours with 2M NaBH 4 ) in the presence of 10 mM Mg^+ abolishes the tRNA amino-acid acceptor capacities and increases the number of Intercalation sites. Ribose-phosphate cuts can be detected however by gel electrophoresis. A milder procedure close to the one used by Wlntermeyer and Zachau (31) was therefore used for purified tRNA species. Mg^+ free tRNA samples In buffer A were brought to pH 9.8 by NH 4 OH addition. Reduction was performed for three hours in the dark with 3 mM NaBH 4 . As shown In Table 2 All RNA samples at our disposal (Table III and with EB (33) . As yet several 3D models have been proposed for the active A form (34).
The second class of RNAs investigated are messenger RNAs. Most of them are of viral origin and carry additionnal genomlc and encapsidation functions. As shown In Table III Intercalation restriction In these RNAs is close to the one found In 16S and 23S RNA. A model indicating extensive 2D structure in MSj RNA has been proposed and evidence found for tertiary folding (35) . The TMV and TYMV plant viruses RNAs are known to exhibit extensive secondary structures. Furthermore at their 3' ends they have acylatable tRNA like structures (respectively by His and Val) and the 3D models proposed for this region mimic to a considerable extent the 3D structure of tRNA (36) . In high Ionic strength solution both RNAs adopt a compact conformation. Considerably further compaction Is needed for TYMV RNA encapsidation. A different process is at work for TMV autoassembly since in the viral particles the RNA is in an open helicoldal form stabilized by coat proteins (37) . Probably the most important observation here is the very similar behaviour between mRNAs from non induced mammary gland and the viral and ribosomal RNAs. We also examined a few random copolyribonucleotides. Both Poly AUGC
and Poly AUG present evidence for 2D folding as expected (38) Intercalation restriction (Table III) . The data obtained with Poly UG indicate that the U.G. base pair readily participates in the 2D and 3D folding of RNAs. which after integration yields the fraction of crosslinked tRNA at the plateau level :
Taking into account the experimental values of k 1 and k 3 yields f 1 (Fig. 2b) '1 " 
